Culturally transmitted traits are observed in a wide array of animal species, yet we understand little about the costs of the behavioural patterns that underlie culture, such as innovation and social learning. We propose that infectious diseases are a significant cost associated with cultural transmission. We investigated two hypotheses that may explain such a connection: that social learning and exploratory behaviours (specifically, innovation and extractive foraging) either compensate for existing infection or increase exposure to infectious agents. We used Bayesian comparative methods, controlling for sampling effort, body mass, group size, geographical range size, terrestriality, latitude and phylogenetic uncertainty. Across 127 primate species, we found a positive association between pathogen richness and rates of innovation, extractive foraging and social learning. This relationship was driven by two independent phenomena: socially contagious diseases were positively associated with rates of social learning, and environmentally transmitted diseases were positively associated with rates of exploration. Because higher pathogen burdens can contribute to morbidity and mortality, we propose that parasitism is a significant cost associated with the behavioural patterns that underpin culture, and that increased pathogen exposure is likely to have played an important role in the evolution of culture in both non-human primates and humans.
Introduction
Cultural transmission has allowed humans and non-human animals to flexibly adapt to and shape their environments. The capacity to learn new behaviours-both individually through innovation and from others through social learning-allows flexibility in the face of changing environments [1] [2] [3] [4] . Individual learning of a novel behaviour, or innovation, occurs through exploration and experimentation [2, 5] , whereas social learning occurs when one individual learns from the behaviour of another individual [3, 6, 7] . Much of the research on innovation and social learning has focused on the ecological and social benefits of behaviours acquired by these processes. For example, learned foraging behaviours can enable individuals to more effectively acquire energy, either by accessing new resources or by more efficiently exploiting existing food sources [2] . Similarly, extractive foraging (feeding on embedded or encased foods such as nutmeat, shellfish, bone marrow and buried tubers) can provide access to novel or nutritionally rich food resources. Extractive foraging has been linked to exploratory behaviour and innovation, and also has been proposed to be a condition favouring the development of complex culture [8] [9] [10] .
Although many studies have focused on the benefits of innovation, extractive foraging and social learning, relatively few studies have considered the costs of these behaviours. Costs may include the immediate costs of performing a behaviour and constitutive costs associated with developing the ability to perform a & 2014 The Author(s) Published by the Royal Society. All rights reserved.
behaviour [11] . In terms of immediate costs, innovation and extractive foraging may carry risks such as poisoning from eating toxic food sources, predation, or injury from interacting with new objects or individuals [5] . Additionally, social learning may favour increased proximity among individuals, which could increase competition for resources. In terms of constitutive costs, brain size may be a cost of innovation and social learning, with rates of both innovation and social learning positively correlated with brain volume across primates ( [12] , see [13] for discussion). Production and maintenance of energetically expensive brain tissue can be accommodated by decreasing energetic investment in functions such as digestion, locomotion or reproduction [14] . Larger brains may also generate life-history costs involving greater allocation of resources to large-brained offspring [15, 16] .
We tested the hypothesis that innovation, extractive foraging and social learning are associated with increased disease risk [17 -19] . Higher rates of innovation and more varied extractive foraging, which are indicators of greater environmental exploration, may result in greater exposure to infectious agents in the environment. For example, primates foraging on insects can be exposed to acanthocephalans, and primates digging in soil may be exposed to helminths [20, 21] . If social learning is associated with increased social contact either directly or via increased joint use of resources [22] , more frequent social learners may be more exposed to socially contagious parasites. Because we were interested in how increases in species-level behavioural variation affected parasite variation within species, we used measures of richness-the number of observed unique behaviours or parasites for a species-as our main indicator variables. This decision was further motivated by our goal of capturing a wide diversity of parasites and behaviours, a goal that would be hindered if we were to test the hypotheses with single-parasite measures of prevalence (the proportion of individuals infected with a specified parasite in a single population) or infection intensity (the number of reproductive parasites present within a single infected individual at a point in time).
Given our hypotheses, we propose that social learning and exploration may have parasite-related fitness costs that, if great enough, would offset their benefits. These parasiterelated costs could thus partially account for the observed interspecific variation in social learning and exploration across primates [8] . Beyond the obvious negative impacts of parasites on fitness via morbidity [23] and mortality [24 -26] , infectious diseases also have negative impacts on cognitive development and function [27] , hinder growth [28] and require individuals to allocate more time and energy to resting and immune function [29] . These fitness consequences of parasitism are often amplified when a greater diversity of parasites are found in a host or species; for example, co-infection leads to higher host mortality in a wide variety of host and parasite taxa [30 -32] .
Previous research has linked higher rates of exploratory or innovative behaviours with higher levels of parasitism in rodents [17] and birds [18, 19, 33] . Additionally, indicators of social contact patterns such as group size, population density and social network properties are positively correlated with parasitism [34] [35] [36] [37] , although none of these patterns has been linked directly to social learning. Unfortunately, the causes behind these correlations are poorly understood, with two major competing hypotheses [5, [17] [18] [19] . The first, the 'exposure hypothesis', suggests that increased exploration or social learning leads to increased exposure to parasites. The second, the 'compensation hypothesis', suggests that increased exploration and social learning are compensatory responses to higher parasite levels. No study on the correlation of parasitism and behaviours underpinning culture has yet included primates, which is remarkable given the large number of studies on social learning and innovation in primates and their importance for understanding the evolution of human culture [3, 6] .
Based on the general hypothesis that exploratory behaviour and social learning have parasite-related costs, we contrast these two specific, but not necessarily exclusive hypotheses (table 1) . Under the 'compensation hypothesis', if parasite-related costs were driving a general need for further exploration and social learning in primates, we predict positive correlations between these behaviours and all measures of parasite richness, regardless of transmission mode. However, under the 'exposure hypothesis', we predict that richness of parasites transmitted through social contact will covary positively with rates of social learning, but not with our measures of environmental exploration (innovation and extractive foraging), while richness of parasites transmitted through contact with the environment is predicted to covary most strongly with rates of innovation and extractive foraging, but not with social learning.
Material and methods (a) Overview
To test our competing hypotheses, we examined three behavioural measures of social learning and environmental exploration, namely the number of reports of social learning, innovation and extractive foraging per species, with innovation and extractive foraging together indexing 'exploratory behaviour', as they both relate to the exploration and exploitation of an animal's environment. We use 'parasite' to refer to any infectious disease-causing agent, ranging from macro-parasites like helminths and arthropods to micro-parasites, or pathogens, such as viruses, bacteria, protozoa and fungi. In addition to a general analysis of all parasites, we investigated social learning and exploratory behaviour in relation to parasites that are either socially transmitted or environmentally transmitted, and thus relevant to our two specific hypotheses. Socially transmitted Table 1 . Predicted associations between parasite richness and behavioural richness under the competing hypotheses: (a) the 'exposure hypothesis' and (b) the 'compensation hypothesis'. parasites rely on direct host-to-host contact for their transmission, such as viruses that cause respiratory infections and are spread through sneezing, coughing and physical contact. Environmentally transmitted parasites spread through environmental substrates such as soil and water, in which parasite infectious stages are found (e.g. Giardia spp.; [20] ). Thus, we ran five analyses: one global analysis testing for an association between all behaviours and all parasites, and four sub-analyses addressing each of the predictions of our specific hypotheses.
(b) Datasets
Behavioural data for each primate species were retrieved from an existing database based on a search of approximately 4000 primate and behavioural articles for examples of innovation, social learning and extractive foraging [8] . The database provides a measure of the variety of reports within each behavioural category for each species. The majority of these reports were observational, and thus reports of social learning (which is difficult to characterize without controlled experiments) should be interpreted with caution, while innovation and extractive foraging are more easily characterized by observational studies [8, 12, 22] . In this respect, experimental investigation of species differences would be valuable, but such data are challenging to gather objectively for the large number of species investigated here [8] . To avoid double-counting reports, cases that simultaneously qualified as more than one behavioural category (e.g. a case of extractive foraging that is also an innovation) were excluded from the behavioural database (as in [8] ), apart from instances of social learning and any other measure, since the social learner and individual learned from are different individuals. Examples of innovative tool use and of extractive foraging with tools were also excluded because we lacked a clear hypothesis linking tool use to parasitism. Behavioural data were summarized as the total number of distinct behaviours (a measure of behavioural richness) that could be categorized as social learning, innovation or extractive foraging for each primate species in the dataset. Identical findings emerged when innovation and extractive foraging were analysed separately (electronic supplementary material, table S1). The compilation was primarily composed of wild observations but also included a substantial number of records from captivity. Previous research has shown that removal of data from captive and wild populations with human intervention does not affect the relationships among our behavioural variables [12] . Thus to maximize the size of the dataset, both captive and wild data were included. We extracted parasite species richness from the Global Mammal Parasite Database (GMPD) [38] , which is based on published literature on wild populations (electronic supplementary material, S1). After compiling data from both databases, 127 primate species were found to co-occur between datasets and were thus included in this study. Following the classification system of Corbett & Hill (C&H; [39] ), the 127 species consisted of 26 strepsirrhines, 1 tarsier, 38 New World monkeys, 53 Old World monkeys, 5 gibbons and 4 great apes (excluding humans) (electronic supplementary material, appendix S-A). Seventy-four per cent of all primate species were sampled from the C&H taxonomy.
(c) Control variables
We controlled for four variables that may influence parasite richness [40] [41] [42] : (i) average body size of a species, because larger-bodied individuals consume more resources and provide more niches for parasites [40] ; (ii) average group size for a species, because larger groups are more likely to maintain a parasite than are smaller ones [34, 36, 37] ; (iii) geographical range of the species, because species that cover more area are more likely to encompass the ranges of multiple parasites, likely have larger populations to sustain more parasites and are more likely to encounter greater variation in habitat types that could support different parasites [20, 43] and may show greater behavioural diversity [44] , and (iv) the absolute value of the latitudinal mid-point of each species' range (henceforth 'absolute latitude'), because previous studies have shown that parasite richness decreases as host species move away from the equator [45] . An additional analysis that also included a binary variable for substrate use (arboreal versus terrestrial, because terrestrial species would be expected to encounter a greater variety of environmentally transmitted parasites) revealed an identical, albeit weaker, pattern of results, perhaps due to the decrease in power or the lack of resolution that a binary variable can provide. Owing to these various issues with this variable, we left substrate use out of our main multivariate analyses, but we present and discuss additional results involving associations between learning categories, substrate use and parasite transmission in the electronic supplementary material, S1. Data on mean adult body mass, mean group size, total geographical range and absolute latitude were collected from the PanTHERIA database [46] , and, when data were unavailable, from the All the World's Primates database [47] .
More intensive sampling could lead to higher counts of both parasites and behaviours [48] . We controlled for differences in research effort by regressing parasite and behaviour counts on citation counts, and using the residuals from these models in our analyses. When testing for a correlation between two sets of residuals obtained with identical x-variables, spurious positive results can arise due to measurement error in x [49] . To control for this so-called 'Economos problem' of correlated residuals, we used separate, independent sources to estimate sampling effort for the parasite and behavioural data [50] . We collated our parasite richness data with data on the number of references for each host species using the Primate Information Network's 'PrimateLit' bibliographic database (http://primatelit.library.wisc.edu/), accessed in May 2010. Similarly, we collated our behavioural richness data with data on the number of references for each species using the Zoological Record citation index for 1993-2001 (see [8] for details). Both bibliographic databases cover a range of subject areas and both field and captive studies, and they were chosen to ascertain general research effort in the study of a given species. Log 10 -transformed parasite richness and behavioural richness data were then regressed against the independently obtained measures of sampling effort while controlling for phylogeny, with residuals from these regressions used in the analyses.
(d) Phylogeny and phylogenetic uncertainty
In all analyses reported-including those controlling for sampling effort-we incorporated uncertainty in primate phylogeny and the underlying evolutionary model by using Bayesian phylogenetic comparative methods (Markov chain Monte Carlo Phylogenetic Generalized Least Squares models, or MCMC PGLS), as implemented in BayesTraits [51] and assuming flat priors. Because we have imperfect knowledge of the exact evolutionary history of living primates, our analyses controlled for phylogenetic uncertainty by using a set of 100 dated, bifurcating phylogenies, downloaded from 10kTrees Version 3 for the 125 species identified in the C&H taxonomy, plus two additional species not identified in the C&H taxonomy [52] . Regression models were run for 3 300 000 iterations, with a 300 000 iteration burn-in, and sampled every 100 iterations. Rate deviation parameters were set to maintain acceptance rates between 25 and 35%, and we estimated l, which scales the internal branch lengths of a phylogeny and is generally used to quantify phylogenetic signal [51, 53] . A value of l ¼ 1 indicates that evolution of a given trait has occurred according to a Brownian motion model of evolution and thus shows phylogenetic signal; a value of l ¼ 0 indicates that trait variation is independent of phylogeny and values of l between zero and one indicate an intermediate phylogenetic signal. We included an estimate of l rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20140862 to control for the effect of phylogeny in the statistical models; this is preferable to using phylogenetic independent contrasts (PICs) because PIC assumes a l of 1, rather than allowing l to take intermediate values. Three runs of each model were tested to ensure convergence to common values and plateaued likelihood, and consistent findings were confirmed before reporting results. All models reported in this study resulted in convergence to common values for all variables tested. Regression coefficients used for controlling sampling effort were obtained as the mean of the posterior distribution.
(e) Bayesian statistical models and evaluation criteria First, we investigated the effect of all different behaviours on all parasites, which we will refer to as the 'total' model, using the following linear model:
where PSR is parasite species richness, BR is behaviour richness, BM is body mass, GS is group size, GR is geographical range and AL is absolute latitude). The 'total' model included many parasites that were documented as being transmitted by both social and environmental contact.
Second, we extracted richness of exclusively socially transmitted and exclusively environmentally transmitted parasites from the GMPD. Fifty-four host species (11 strepsirhines, 13 Old World monkeys, 26 New World monkeys and 4 great apes) were found to have sufficient data for testing our hypotheses (i.e. for each species, at least one parasite species was present for each of the two categories of mutually exclusive transmission modes). We controlled for sampling effort, and re-estimated parameters for the statistical model as used in the 'total' model. We also investigated the association between social learning and exploratory behaviours using our methods, and, in line with previous work [8, 12] , found that these two measures were positively correlated (electronic supplementary material, figure S1 ).
Levels of support for an association between two variables were based on the proportion of regression coefficients with slopes in the predicted direction, assigned as follows: more than 95% of slopes in the predicted direction were interpreted as 'strong support' and 90% to 95% as 'likely support'. Variance inflation factors (VIFs) of all models were tested to detect multicollinearity in the statistical models, with critical values set at greater than or equal to 10 [54] . All VIFs for predictors across all models were well below the critical value, with a maximum value of 1.51.
Results (a) Total richness results
Across primate species, the number of reports of social learning, innovation and extractive foraging ('total behaviour richness') covaried positively with total parasite richness (figure 1), with both variables controlled for sampling effort. We found 'strong support' (see §2(e) for definitions of support) for this association in our MCMC Bayesian PGLS model, with over 99% of sampled iterations exhibiting positive slopes. Our models also included additional controls for body mass, geographical range, absolute latitude and group size, which are commonly investigated as predictors of parasite richness [20, 40] . We found 'likely support' for a positive association between total parasite richness and body mass, 'strong support' for a positive association between total parasite richness and geographical range, and 'strong support' for a negative association between total parasite richness and absolute latitude. 
(b) Transmission mode results
To focus specifically on whether particular types of exploration and learning influence exposure to particular parasites, we isolated exclusively socially transmitted and exclusively environmentally transmitted parasites in tests for associations with socially learned behaviours and exploratory behaviours. This isolation was important, because many parasites exhibited multiple transmission modes, which could lead to spurious correlations in the tests of our specific predictions [12, 56] . If we had included parasites that were transmitted by both social and environmental contact, then we would much more likely to observe results in support of the 'compensation hypothesis', because such inclusions would lead to a convergence in our results for the four specific models. Tests of socially transmitted parasites supported the 'exposure hypothesis'. Specifically, the number of reports of social learning was positively associated with measures of exclusively socially transmitted parasite richness, again in models that controlled for sampling effort and the other previously mentioned controls. This association between social learning and socially transmitted parasite richness received 'strong support', with 98% of iterations sampled exhibiting positive slopes (figure 2a). However, we found no support for an association between the richness of exploratory behaviour and exclusively socially transmitted parasite richness, with only 36.5% of iterations sampled exhibiting positive slopes for counts of exploratory behaviours (figure 2b). In both social transmission parasite models, body mass and geographical range were also 'strong' predictors of positive associations with socially transmitted parasite richness. Group size and absolute latitude were not clearly associated with socially transmitted parasite richness (table 2) .
Analyses of environmentally transmitted parasites provided additional support for the 'exposure hypothesis'. The richness of exploratory behaviour was positively associated with measures of exclusively environmentally transmitted parasite richness, showing 'likely support' with nearly 93% of MCMC samples exhibiting positive slopes (figure 2d). Conversely, we found no evidence for an association between social learning and measures of exclusively environmentally transmitted parasite richness, with just under 66% of iterations sampled exhibiting positive slopes for relative counts of social learning (figure 2c). Body mass was a supported predictor of environmentally transmitted parasite richness (94-97% Table 2 . Results of the five Bayesian PGLS models tested in this study. Parasite species richness was the response variable and all others (behaviour richness, body mass, group size, geographical range and absolute latitude) were predictors. Results involving substrate use are included in the electronic supplementary material, S1. Reported outputs for each predictor are the mean slopes (b) and proportion of models with predicted slopes ('support') sampled from 3 000 000 iterations. Model mean R (table 2) . We conducted further analyses examining how terrestriality correlated with our measures of behavioural and parasite richness (electronic supplementary material, S1). We discovered more reports of social learning in terrestrial species than arboreal species, and a similar, although smaller, difference in exploratory behaviour (electronic supplementary material, figure S2 ). We also found support for more socially transmitted parasites in terrestrial than arboreal primates (electronic supplementary material, table S2).
Discussion (a) Support for the 'exposure hypothesis'
Much previous research on innovation, extractive foraging and social learning has focused on the benefits of these behaviours, yet they may also be associated with considerable costs. Here, the associations we report provide evidence for disease-related costs of behavioural flexibility in primates. Specifically, the total number of parasites covaried positively with richness of reports of innovation, extractive foraging and social learning. Moreover, parasite transmission mode was linked to the behavioural subcategories we addressed in this study: greater richness of socially learned behaviours was associated with a higher number of socially transmitted parasites, and greater richness of exploratory behaviours was associated with a higher number of environmentally transmitted parasites. Our analyses thus revealed support for the 'exposure hypothesis' in primates, and are consistent with the idea that some aspects of social learning and exploration lead to greater exposure to different types of parasites.
Because the richness of socially learned behaviours was positively associated with socially transmitted parasites but not with environmentally transmitted parasites, we propose that social learning either requires, causes or motivates increased social contact and proximity, leading to the increased spread of socially transmitted parasite species within primate host populations. Alternatively, it could be that some other factor influences both social learning and the transmission of socially transmitted infections. For example, certain parasites may lead to higher rates of social contact [57] , or contagious disease and social learning may covary with other factors that influence social contact, such as grouping and mating patterns [58] , fission -fusion dynamics [59] or social network structure [35] . Furthermore, since the majority of behavioural reports included in this study were observational rather than experimental, the reports of social learning should be interpreted with caution, as wild studies of this phenomenon are often conducted without sufficient controls to unambiguously identify this learning process [22] . Clearly, experimental data, particularly from wild populations, would be valuable in further tests of our findings. Because exploratory behaviour richness was positively associated with environmentally transmitted parasite richness but not with socially transmitted parasite richness, we propose that increased exploration exposes the host to new infectious diseases. We used innovation and extractive foraging to index exploratory behaviour, and thus either these behaviours themselves or their correlates could increase parasite exposure. Exploration was not associated with socially transmitted parasite richness, thus providing no support for the 'compensation hypothesis'. Similarly, our findings are not consistent with the idea that environmentally and socially transmitted parasites provoke compensatory responses to a different degree, that exploratory behaviour and social learning differ in their efficacy as compensatory responses or these two possibilities in combination. Thus, overall, our analyses support the 'exposure hypothesis' and not the 'compensation hypothesis'.
That social learning and exploration are independently associated with parasites that show distinctly different transmission modes might seem counterintuitive given that social learning, innovation and extractive foraging are positively correlated in primates [8, 12] , a result that we replicated using our methods (see the electronic supplementary material, figure S1 ), again finding a modest correlation coefficient (R 2 ¼ 0.23). Thus, social learning and exploratory behaviour are correlated but not collinear, leaving ample independent variation that can be accounted for by factors such as parasitism. Moreover, the disassociation between the results presented in our study concerning exploratory behaviour and social learning provide reassurance that the associations with parasite richness are not the result of an unmeasured variable that correlates equally with both behavioural and parasite richness. Furthermore, the finding that social learning and exploratory behaviour differentially predict parasite richness provides evidence for divergent validity of these two measures. If measures of social learning and exploratory behaviour were confounded, for example through shared sampling biases, we would not expect support for the 'exposure hypothesis'. Instead, our data suggest that species characterized by high levels of both exploration and social learning (e.g. Hominoidea, Macaca, Cebus and Papio; [8] ) may pay a 'double cost' of both socially and environmentally transmitted parasites.
(b) Socio-ecological predictors of parasite richness
We also found support for some of the additional ecological, demographic and geographical hypotheses that we investigated. First, all of our analyses provided support for a positive association between mean body mass and parasite richness. This may reflect that larger-bodied organisms have more 'niches' available for colonization or that largerbodied organisms are exposed to more parasites through greater food intake. Second, we found positive associations of geographical range size with total and socially transmitted parasite richness, suggesting that socially contagious parasites have the strongest association with expanding range, perhaps driven by increased contact with other closely related species as ranges expand or larger population sizes being able to support more parasites. No supported positive associations between mean group size and measures of parasite richness were detected in any model tested in this study, consistent with previous comparative work on primates with an earlier version of this database [41] . Our results involving social learning and socially transmitted parasites suggest that more refined measures of sociality and social contact within groups may prove more useful for investigating socially transmitted infectious agents [22, 35, 55] .
(c) Ameliorating the costs of parasitism
Increased parasitism may have profound impacts on host fitness; hence, species expressing greater behavioural flexibility may also possess mechanisms for ameliorating these costs, including through behaviourally flexible traits [23] . These coping mechanisms fall into two broad categories: physiological/immunological adaptations and avoidance/ elimination/self-medication behaviours, such as grooming and the ingestion of medicinal plants or their addition to shelters [20, 60] . Some of these anti-parasite strategies may themselves be facilitated by social processes (such as ectoparasite removal during allogrooming) or be socially learned [20] . Comparisons have previously been made between animal self-medication behaviours and human medicine [61] , and further study of animal behavioural responses to disease may shed light on the evolution of human medical practices. Additionally, we only investigated one aspect of parasitism; other measures such as prevalence, intensity or virulence of parasites could provide further insights to the hypotheses that we tested [20] .
Based on our findings, we propose that parasites and the infectious diseases that they cause pose substantial costs to behavioural patterns that underlie both human culture and animal traditions. Enhanced behavioural flexibility may have involved the evolution of counterstrategies to overcome these costs, such as medicative behaviours, or ways to increase the benefits of behavioural flexibility, such as increased cognitive sophistication in social learning [62] . As humans, we have experienced a marked increase over recent evolutionary history in our learned behavioural repertoires and in the diversity of parasites that infect us [63] . Further comparative and experimental investigation into infectious diseases as a constraint on the evolution of culture may therefore broaden our understanding of cognitive and cultural evolution both in humans and in other animals.
Data accessibility. Phylogenetic treeblock files uploaded as electronic supplementary material (S2 and S3). Parasite richness, behaviour counts, body mass, social group size, geographical range, absolute latitude, terrestriality and citation index data: Dryad doi: http://dx. doi.org/10.5061/dryad.8kh92.
